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Abstract
We present current progress on the implementation of

two new enhancements developed for the time-resolved rela-

tivistic electron microscope at the UCLA PEGASUS Lab

based on the use of a radiofrequency photoinjector as an

ultrafast electron source and permanent magnet quadrupoles

as electron lenses. The first enhancement is a flexible optical

column design which would add the capability to switch

between imaging the sample and its diffraction pattern, and

a collimator to improve imaging contrast. The second en-

hancement is a high-frequency (X-band) cavity downstream

from the (S-band) photoinjector to reduce the beam energy

spread. These additions are crucial for improving contrast

and image quality. Furthermore, a pulse-wire alignment

method is used to fiducialize the quadrupole positions to

(better than 20-um precision) to reduce the aberrations in-

duced by misalignment and achieve spatial resolution at the

20 nm-level.

INTRODUCTION
Time-resolved electron microscopes capable of deliver-

ing single-shot real-space images with a spatial/temporal

resolutions of 10 nm/10 ps are highly desired scientific tools

in the material science community [1]. For example, in the

study of defect/dislocation motion. In order to reach these

levels of spatio-temporal resolutions, relativistic electron en-

ergies are required to suppress the space charge effects which

would otherwise limit the performance of the instrument. A

recently discussed concept for MeV electron microscopy [2]

relies on high gradient quadrupole triplet lenses compatible

with the higher energies and compact space, and radiofre-

quency technology to quickly accelerate, ballistically bunch,

reduce the energy spread of, or streak the electron beam [3].

By utilizing RF-technology and advancements in pulsed

laser systems, a variety of imaging modalities can be ex-

ploited as for example a double exposure electron column [4]

intended for studying irreversible processes just before and

right after they happen.

The Pegasus single-shot picosecond TEM (SPTEM) de-

sign [2] starts with a high-gradient RF gun operating in the

cigar regime in order to optimize transverse beam bright-

ness [3, 5]. A two solenoid condenser then transports and fo-

cuses the beam down onto the sample, after which permanent

magnet quadrupole (PMQ) triplets [6] form the objective

and projector/magnification lenses. In previous work [7, 8],

we have demonstrated 40x magnification with the PMQ sys-
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tem [6] and demonstrated that they are a viable choice for

an MeV microscope.

In this work we consider few improvements to the micro-

scope design: firstly we discuss adding an intermediary lens

to the optical column which can be used to image the back

focal plane of the objective lens; secondly we consider using

an RF cavity to reduce the bunch energy spread; lastly we

discuss the pulse wire technique as a method to align each

quadruple within the triplet.

FLEXIBLE OPTICAL COLUMN

A crucial requirement of a microscope is the ability to

switch between imaging the diffraction pattern and the pro-

jected shadow of a sample. In particular, flexible optics with

the ability to instantly transition between diffraction and real

space imaging must be paired with a collimator to provide a

contrast mechanism to distinguish between the unscattered

and scattered electrons [7]. Here we show that inserting

an electromagnetic (EM) quadrupole triplet in-between the

objective and magnification lenses can provide the necessary

flexibility. When the EM triplet is off, the sample is imaged

onto the detector. When the EM triplet is turned on, the

back focal plane (BFP) is imaged. Then a collimator on a

actuator will be placed at one of the BFPs of the first triplet

(the other BFP is actually inside the triplet). The purpose of

this will become clear shortly. The optical layout is shown

in Fig. 1.

Figure 1: The two object planes of each PMQ triplet are

labelled OP1 and OP2 respectively as solid lines. One of the

BFPs of the objective lens is indicated as well. The positions

are qualitatively placed for perspective. The blue quadrupole

triplet is made from electromagnetic quadrupoles which are

tuned to image the BFP at OP2.

The currents in the EM triplet are numerically optimized

by using a thick lens matrix model of the entire optical

setup. For our optimization, the dynamics for each transverse

dimension is described by an algebraic system consisting of

A
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the following matrices:

Rquad =

(
cos(√kL) 1√

k
sin(√kL)

−√k sin(√kL) cos(√kL)

)
(1)

Rdri f t =

(
1 d
0 1

)
(2)

(x, x ′)T = R(x0, x ′
0)T (3)

where the quadrupole has strength k = G/Bρ and length L,

and drift spaces have length d. The gradients switch sign

for each quadrupole and for the other dimension, yielding

the hyperbolic functions cosh and sinh. The total transport

matrix for each transverse dimension is constructed and the

gradients are tuned until the appropriate imaging condition

is found.

The quadrupole strengths are determined by solving for

currents which ensure the 4D transport matrix from the

sample to the detector is given by:

Rdi f f =

�����
0 r 0 0

−1/r s 0 0

0 0 0 r
0 0 −1/r t

	


� (4)

where r is the angular magnification, and s and t are deriva-

tives of the sine-like principal trajectories at the detector

plane [9]. This matrix transformation maps all of the ini-

tial coordinates to their initial angles at the detector plane,

thus providing the means of fourier transforming the sample

image. By moving a collimator and utilizing the aperture

of the PMQ triplet, high scattering angle trajectories can

be intercepted resulting in contrast at the detector plane.

The relevant matrix parameters for the diffraction mode are

shown in Fig. 2 . The effective drift length of the diffraction

camera, M12 = 0.25m, implies that a 1 mrad diffraction an-

gle will be spread out to 250μm on the detector screen. This

provides sufficient working space to separate the diffraction

peaks with a mechanical aperture allowing the microscope

operator to optimally place the aperture in the back focal

plane of the objective lens.

ENERGY SPREAD COMPENSATION
Relying on diffraction contrast puts a strict requirement

on the transverse beam emittance as this quantity determines

how well we can distinguish the diffraction spots and en-

hance the contrast with the collimator. Therefore, we want

to use a small spot on the cathode, and to preserve the total

charge we plan to employ a relatively long electron beam

(≈ 10ps). However, when we use a long electron beam, we

are sensitive to the RF field curvature. To compensate for the

energy spread, an X-band cavity is placed after the exit of

the 1.6 cell gun. The electrons exiting the gun (f=2.856Ghz)

within a range a few ps earlier or later than the reference

design particle are distributed temporally along a quadratic

curve in the longitudinal phase space. The rms energy spread

of this distribution before compensation is on the order of

Figure 2: (Top) Both M11 and M33 are shown at each position

along the optical column. These elements are both zero at

the final image plane. (Bottom) Correspondingly, M12 and

M34 are equal at the image plane.

10−3 [2]. Here we show GPT simulation results that a short

x-band cavity (f=9.6Ghz) located after the gun can be used

to adequately compensate through second order this RF-

induced energy spread. The HFSS model of the X-band is

shown in Fig. 3.

Figure 3: Profile of the X-band Cavity.

We analyzed the longitudinal phase space (LPS) of a 3ps

long beam before and after the x-band linearizer is turned on.

Optimal compensation parameters for the X-band cavity are

found by fitting the longitudinal phase space of the beam to a

quadratic expression and then tune the phase and amplitude

of the field inside the X-band to minimize the coefficients.

The results of the GPT simulations are shown in Fig. 4. The

projected rms energy spread of the beam for optimal cavity

parameters is below the requirement of 10−4 for avoiding

,
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Figure 4: LPS of the beam with x-band cavity off (blue)

and on (red). The relative energy spread δγ/γ is reduced to

6.7e-5.

chromatic aberrations [2]. Thus, with the current 1.6 cell

photo-injector as the source, and the X-band cavity operating

at a peak accelerating voltage of 410kV and a phase of -4

deg, we can obtain a final rms energy spread of 6.7e − 5.

PULSE WIRE ALIGNMENT
One of the main factors in degrading the microscope res-

olution is transverse misalignment of PMQs. The current

goal is to align the optics to within 20μm to achieve sub

20nm resolution [8]. The strategy employed to obtain this

level of alignment precision is to use a pulsed wire technique.

The technique relies on measuring the deflection of a wire

strung through the PMQ triplet. The deflection is caused

by the PMQ triplet’s impulse on the wire in response to a

< μs applied voltage bias across the wire. The bias duration

is selected so the distance the mechanical wave travels in

the time of a current pulse is small in comparison to the

spacing between PMQ’s. When the initial impulse on the

wire is assumed to be proportional to a delta function, the

wire deflection can be modeled by:

x(z, t) = I0xmΔt
2ρc

∫ z+ct

z−ct
G(z)dz (5)

Where G(z), xm, I0,Δt, ρ and c, are the triplet’s gradient pro-

file, initial wire deflection, current in the wire, pulse width,

linear mass density, and wave speed respectively [10]. The

limits of integration correspond to two waves travelling in

opposite directions. The wire displacement signature is a

voltage signal from a photo-diode sensitive enough to detect

intensity fluctuations. The wire equilibrium is positioned

in the laser intensity profile so that the photo-diode signal

varies linearly with displacement of the wire. In Fig. 5,

measurements of the peak photo-diode signal as the wire

is displaced from the magnetic axis are shown. These mea-

surements give a preliminary estimate of what degree of

misalignment can be resolved. The rms photo-diode noise is

≈ 0.1mV corresponding to a 0.04mm alignment tolerance.

Figure 5: (Top Right) Pulse wire traces as a function of

mis-alignment. The steep slopes in each trace corresponds

to a PMQ. A perfectly aligned triplet would have I0 = 0, and

thus be perfectly flat. The linear plot shows a calibration

indicating that 2.2mV corresponds to 1 mm of triplet dis-

placement. The intensity profile and linear region are shown

in the lower left.

In Fig. 5, the slope relates this signal to roughly 0.04mm,

which is about a factor of 2 larger than the desired level of

precision.

CONCLUSION
In this paper, we presented progress on improving the

resolution and imaging modalities of a time-resolved TEM

driven by an rf photoinjector. A quadrupole-based diffrac-

tion imaging system is discussed and analyzed by a trans-

fer matrix description paired with numerical optimizations.

This analysis reveals solutions compatible with the compact

space requirements of the PEGASUS beamline. The plan

is to implement this triplet with a collimator to control the

contrast of sample images. Optimized simulations of a high

frequency, X-band, rf cavity were presented. The results

suggested that a reduction of the relative rms energy spread

below 10−4 is possible. It is presumed that this level of

reduction will suitably minimize the effects of chromatic

aberration from the optical column. Finally, a pulse wire

method was utilized to improve the alignment of quadrupole

triplets used at the PEGASUS beamline to within 20μm. So

far, the best we have managed is roughly 40μm.
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